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The gene transfer agent (GTA) is a phage-like particle capable of exchanging double-stranded DNA fragments between cells of the
photosynthetic bacterium Rhodobacter capsulatus. Here we show that the major capsid protein of GTA, expressed in E. coli, can be assembled
into prohead-like structures in the presence of calcium ions in vitro. Transmission electron microscopy (TEM) of uranyl acetate staining material
and thin sections of glutaraldehyde-fixed material demonstrates that these associates have spherical structures with diameters in the range of 27–
35 nm. The analysis of scanning TEM images revealed particles of mass ∼4.3 MDa, representing 101±11 copies of the monomeric subunit. The
establishment of this simple and rapid method to form prohead-like particles permits the GTA system to be used for genome manipulation within
the photosynthetic bacterium, for specific targeted drug delivery, and for the construction of biologically based distributed autonomous sensors for
environmental monitoring.
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The gene transfer agent (GTA) of Rhodobacter capsulatus is
a tailed phage-like particle that mediates an unusual form of
transfer of genetic information between bacterial cells (Hoch-
man, 1997; Marrs, 1974, 1978, 2002). Unlike many knownAbbreviations: PBS, phosphate-buffered saline (pH 7.4); NiNTA, nickel
nitrilotriacetic acid; GTA, gene transfer agent; STEM, scanning transmission
electron microscopy; TEM, transmission electron microscopy.
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doi:10.1016/j.virol.2007.02.027viruses, GTA does not form plaques and does not propagate via
independent packaging of its own DNA. Instead, it owes its
continued existence entirely to its presence on the non-excisable
GTA gene cluster found on the bacterial chromosome (Lang and
Beatty, 2000, 2001; Marrs, 1974). From this viewpoint, the
GTA can be considered either as a defective prophage, or a
phage precursor, or even a cell-based system for the transfer of
genetic information in bacterial populations (Lang and Beatty,
2000, 2001; Yen et al., 1979). GTA randomly packages small
amounts (≤5 kb) of R. capsulatus DNA and transfers the
packaged DNA to capsulatus strains capable of GTA uptake
(Solioz and Marrs, 1977; Solioz et al., 1975; Wall et al., 1975a;
Yen et al., 1979). This feature allowed the GTA to be used to
map R. capsulatus genes (Donohue and Kaplan, 1991; Scolnik
et al., 1980; Wall and Braddock, 1984; Wall et al., 1975b, 1984;
Yen and Marrs, 1976).
Fig. 1. (A) Coomassie-stained SDS–PAGE of purified native GTA Orf5 protein
(Orf5). Fractions containing highly purified Orf5 were denatured and subjected
to electrophoresis on a 12% polyacrylamide Laemmli SDS-denaturing gel. The
purified protein migrates at the mass of 42 kDa expected for the Orf5 monomer.
The band at 35 kDa is a proteolytic fragment of the 42 kDa monomer. The lane
shows 12 μg of recombinant protein after Coomassie staining. (B) Molecular
weight of E. coli-expressed Orf5 protein as determined by size exclusion
chromatography on Superdex 200. Purified GTA Orf5 (∼100 mg; ■) was
injected onto a calibrated size exclusion column. Standard proteins (♦) include
thyroglobulin (TG, 669 kDa), apo-ferritin (F, 440 kDa),β-amylase (A, 200 kDa),
alcohol dehydrogenase (AD, 150 kDa), bovine serum albumin (B, 67 kDa), and
carbonic anhydrase (C, 29 kDa). The Orf5 was found to migrate as a pentamer
with an estimated mass of 217 kDa (square, above). The Superdex 200 column
was equilibrated in PBS and run at 0.4 ml/min at 4 °C.
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for manipulation of genetic information in bacterial, and
particularly in photosynthetic bacterial populations (Brussaard,
2004; Danovaro et al., 2003; Munn, 2006). Since the GTA
packages DNA randomly, it is attractive as a universal vehicle
for targeted drug delivery (Hendrie and Russell, 2005; Normand
et al., 2005; Seth, 2005; Tomanin and Scarpa, 2004). It also can
be used as a platform for nano-electronic and bio-electronic
applications (Blum et al., 2004, 2005; Merzlyak and Lee, 2006;
Singh et al., 2006; Slocik et al., 2005; Soto et al., 2006; Souza et
al., 2006; Wang et al., 2002a, 2002b; Zhang, 2003). This
requires a detailed characterization of the structure and the
mechanism of assembly of the GTA prohead.
Pioneering work by the Marrs laboratory identified 5 to 8
polypeptides ranging in size between 13 and 40 kDa that were
attributed to the GTA particle purified from the Y262 over-
expression strain of R. capsulatus (Yen et al., 1979). Compara-
tive bioinformatics approaches were used to predict structural
components and regulatory proteins of the GTA. That includes
the identification of the members of the R. capsulatusGTA gene
cluster and the histidine kinase/sensor (ctrA/cckA) of GTA
regulatory genes (Lang and Beatty, 2000, 2001, 2002; Lang et
al., 2002). Genetic analysis has shown that GTA genes form a
cluster of about 18 genes, with an upstream cluster-specific
promoter element (Lang and Beatty, 2000), driving expression
of the major capsid protein as well as other proteins present in the
GTA cluster (Lang and Beatty, 2000; Schaefer et al., 2002). The
promoter activity is upregulated as the cells enter the stationary
phase of the growth cycle (Lang and Beatty, 2000; Solioz et al.,
1975). Small molecules of the acyl-homoserine lactone class are
involved in the production of the GTA during the growth of R.
capsulatus cells (Schaefer et al., 2002). The structure of the GTA
and the mechanism of its assembly both in vivo and in vitro have
not been identified.
As a first step in this direction in the present work, we have
developed a strategy for assembly of the GTA in vitro. To
achieve this goal we cloned and over-expressed the 42 kDa Orf5
gene product, the major GTA capsid protein, in E. coli. Then we
purified its using size exclusion and ion exchange chromato-
graphy and assembled the pure protein into prohead-like
structures in vitro in the presence of calcium ions. Our results
show that the in vitro assembled prohead-like structures form
hollow spheres of about 27–35 nm diameter.
Results and discussion
Purification and subunit structure of the Orf5
To identify the complete DNA sequence corresponding to
the major capsid protein (Orf5) of the GTA particle, we
amplified the corresponding coding region from R. capsulatus
genomic DNA using the Orf5 nucleotide sequence available
from the R. capsulatus Genome Database website (http://www.
integratedgenomics.com). The full-length capsid gene, corre-
sponding to a protein of 398 amino acids, was amplified using
oligodeoxynucleotide primers, and the product was digested
and subcloned into the pET17b bacterial protein expressionvector. The construct was propagated in E. coli strain BL21
(DE3) for protein expression.
The Orf5 capsid protein, expressed in E. coli, was purified
by size exclusion chromatography followed by ion exchange
chromatography. On SDS–PAGE the highly purified Orf5
monomer resolved as a single major polypeptide at 42 kDa
accompanied by a minor polypeptide at approximately 35 kDa
(Fig. 1A). The origin of the second (35 kDa) band seen in the
gel in addition to the expected main purified Orf5 polypeptide
(42 kDa) was not initially clear. To identify it we performed
Edman degradation chemistry on the 35 kDa protein. The N-
terminus of the 35 kDa protein begins with the amino acid
residues YAGRH corresponding to a position 59 residues from
the N-terminus of the 42 kDa full-length Orf5 protein and is
completely consistent with the mass shift observed on SDS–
PAGE. Thus, the 35 kDa polypeptide is a proteolytic fragment
of the 42 kDa form of the Orf5 polypeptide. The staining profile
of the lane for pure Orf5 protein indicates that the 42 kDa
protein in our preparations is about 90% pure as determined by
quantitative gel scanning (Fig. 1A).
When we performed size exclusion chromatography on a
calibrated Superdex 200 column, we observed that the Orf5
migrated at an apparent mass of 217 kDa (Fig. 1B), that is about
5.2 fold higher than the monomer observed by SDS–PAGE.
This discrepancy can be explained if we assume that the R.
capsulatus Orf5 protein is expressed, folded and assembled
within E. coli into a pentamer, a biologically relevant structure
that should make subsequent assembly into a prohead-like
particle possible. As it is not possible to rule out the existence of
hexameric forms of Orf5 using size exclusion chromatography,
we subjected the purified Orf5 protein to both sedimentation
velocity and sedimentation equilibrium centrifugation. The best
fit to the equilibrium data reveals a mixture of trimer (3.26
Fig. 2. Calcium-induced assembly of GTA Orf5 protein into high molecular
weight particles in vitro.Orf5 (1.2 mg/ml final concentration) in 10 mM Tris–HCl
(pH 8.0) was mixed with calcium chloride (10 mM final), PEG-8000 (4%w/v
final), or both, and incubated for 1 h at room temperature. Lane 1) Orf5 no
additions, 12 μg; lane 2) Orf5 with 10 mM CaCl2, 12 μg; lane 3) Orf5 no
additions, 6 μg; lane 4) Orf5 with 10 mM CaCl2, 6 μg; lane 5) Orf5 with 10 mM
CaCl2 and 4% PEG, 6 μg; lane 6) Orf5 4% PEG-8000, 6 μg. Electrophoresis was
performed in 40 mM Tris–HCl (pH 8.0) with 1.0 mM CaCl2 at 40 Vat 4 °C until
the dye front reached the bottom of the gel. The agarose gel was stained with
Coomassie Blue, destained and photographed. C=position of capsomeres,
P=position of prohead-like particle.
Fig. 3. Superdex 200 elution profile of GTA Orf5 protein before and after
assembly into high molecular weight particles in vitro. Purified untagged GTA
Orf5 protein (■) was subjected to size exclusion chromatography after assembly
into particles by the addition of 10 mM CaCl2 (●) or 10 mM CaCl2 with 4%
PEG-8000 (▴). The elution volume of the untreated (control) sample
corresponds to the position expected of capsomere-like particles while the
assembled particles elute at a position corresponding to a very large size (at or
beyond the exclusion limit of the Superdex 200 column (≥1.3×106 Da).
Column dimensions are 30 cm×1 cm. Protein samples (∼300 mg in 300 ml)
were chromatographed in 40 mM Tris–HCl (pH 8.0) containing 150 mM NaCl
and 1.0 mM CaCl2. Values of A
280 for the three separate size exclusion runs
were plotted so that the shape of the elution curves could be visually compared
more readily.
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units are full-length subunits in size and the error bars are two
standard deviations. We conclude that the velocity and
equilibrium data are consistent with the existence of both
trimers and pentamers in 40 mM Tris, pH 8.0 with 150 mM
NaCl at 3.6 °C that undergo a reversible reaction.
Assembly of Orf5 into particles
Experiments performed with the coliphage HK97 have
shown that its prohead assembly in vitro can be initiated by the
incubation of capsomeres composed of a single major capsid
protein (gp5) with calcium and PEG-8000 (Xie and Hendrix,
1995). To test the possibility of using a similar strategy for the
GTA, we incubated Orf5 with 10 mM CaCl2, or both 10 mM
CaCl2 and 4% PEG-8000 at room temperature for 1 h. Samples
were then placed on ice and then subjected to electrophoresis in
a 1% (w/v) agarose gel containing 40 mM Tris–HCl (pH 8.0)
and 1 mMCaCl2. Nearly all of the Orf5 pentamer without added
calcium migrated as a single band at the capsomere position
(Fig. 2, “C”). When calcium was added, we observed the
appearance of a band running faster than the Orf5 pentamer
indicating the formation of higher molecular mass species (Fig.
2, “P”). At a calcium ion concentration of ∼10 mM a nearly
complete conversion to the fast-migrating prohead-like particle
was observed. Moreover, comparing the experiments with and
without PEG showed that the presence of only Ca2+ ion is
enough to effect the conversion (Fig. 2, lanes 2 and 4). When
assembled into a prohead-like particle the GTA migrates fasteron a native agarose gel, and the protein band is sharper.
Although the faster migration of the assembled prohead-like
particle compared to unassembled subunits appears counter-
intuitive, the same phenomenon has been noted before (Xie and
Hendrix, 1995). The precise explanation for this migration
pattern is unclear.
To test whether the increased mobility of the Orf5 sample
after pre-incubation with calcium±PEG 8000 is consistent with
an increase in size indicative of prohead formation we subjected
the Orf5 preparation to size exclusion chromatography. A shift
from ∼225 kDa to a higher molecular weight position at or near
the void of the column was seen (Fig. 3), completely consistent
with the conversion of a slower migrating to a faster migrating
form seen on agarose gel electrophoresis (Fig. 2) (Xie and
Hendrix, 1995).
Imaging of the assembled Orf5 prohead structure
To elucidate the structure of assembled high molecular
weight particles, we performed an electron microscopic
examination. Transmission electron microscopy of uranyl
acetate staining material (negatively stained TEM) revealed
round particles with diameter 34.7±3.7 nm (Fig. 4A). The
diameters of the particles estimated by scanning transmission
electron microscopy (STEM) are in the range of 27.6±2.0 nm
(Fig. 4B). Both diameter estimates bracket the size of the GTA
capsids (diameter ∼30 nm) isolated from R. capsulatus Y262
cells (Yen et al., 1979). TEM images of the thin sections of
glutaraldehyde-fixed material revealed that the particles were
round, hollow particles (data not shown).
To further identify the structure of the assembled particles we
took STEM measurements of the calcium-treated Orf5 material.
Fig. 4. Transmission electron micrographs of the in vitro assembled GTA
particles. (A) TEM micrograph of negative stained material. Freshly prepared
GTA prohead particles were mounted and stained with 2% uranyl acetate and
imaged. Small spherically shaped particles are the GTA prohead particles.
Herpes Simplex Virus capsids were added to the grid and used for scale. Scale
bar=125 nm. A single Herpes capsid is seen in the center of the image. (B)
STEM micrograph of the GTA particles. The particles were assembled from
purified, unmodified GTA Orf5 protein in the presence of 10 mM CaCl2. The
cylindrical object at the bottom right of the image is tobacco mosaic virus
(TMV) used as a standard for determining GTA particle mass. The diameter of
TMV is 18 nm. Scale bar=50 nm. Measured mass of the GTA prohead=4.27±
0.468 MDa (mean±std deviation; 80 particles independently measured). The
calculated mass of the GTA Orf5 monomer is 42,170.6 Da.
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0.468 MDa (Fig. 4B), measured using PCMass29a software.
Given the molecular weight of a monomeric subunit, thiscorresponds to roughly 101±11 subunits. This is more than the
number expected for a T=1 (60 subunits) particle and less than
that anticipated for a T=3 (180 subunits) particle.
The higher-order hollow spherical particles assembled when
the Orf5 GTA protein is exposed to divalent calcium ions are
highly reminiscent of viral proheads (Fig. 4A). There is a
general uniformity in both the size and shape of the particles.
The mass of the structures assembled in vitro estimated by
STEM is not, however, consistent with that predicted from the
standard formulas for triangulation number, if we assume that
pentons and hexons are made up of five and six copies of Orf5,
respectively.
The GTA prohead particles may not have strict icosahedral
symmetry at this stage. It is possible to generate models for a
prohead consisting of approximately 100 subunits that would
result in the spherically shaped objects close to the mass we
measure. The Johnson solid known as a pentagonal orthobir-
otunda is a closed convex polygon composed of only pentamers
and trimers that gives a predicted estimate reasonably close to
the highest measured estimate. This model can be made
compatible with our size exclusion data if we assume that
dimers of trimers co-migrate with the pentamers, or if the
pentamers convert to trimers. Similarly, a T=3 icosahedron
with hexons composed of trimers would give a similar mass
estimate. The above models have the support of the data derived
from equilibrium sedimentation analysis we have performed,
which shows the existence of only pentameric and trimeric
forms of the Orf5 protein.
It is also possible to build a model consisting of a 20-sided
polyhedron containing 8 hexamers (dimers of trimers) and 12
pentamers, where six hexamers occupying an equatorial
position are joined to two hexamers above and below by rings
of six pentamers. Such an unusual object, while not representing
a classic polyhedron of the Archimedian or Platonic type, might
still self-assemble if there is enough angular flexibility
conferred by the protein–protein interactions of the capsomeres
to permit the faces to form a closed structure.
The virtue of the above models is that they predict the
measured mass of the prohead-like particles we have produced
much more accurately than do standard T=1 or T=3 icosahedra
consisting of pentamers alone, or pentamers and hexamers.
Lastly we note that it is possible that the prohead-like particle
we form in the presence of calcium does not represent a native
GTA prohead. It has been shown that aberrant prohead
structures form in cells and in vitro when components needed
for normal assembly are either defective or are missing
(Earnshaw and King, 1978; Howatson and Kemp, 1975; Li et
al., 2005) In the present case, if the pentameric form of
capsomeres produced in E. coli is made, whereas the hexamers
are not, or if the hexamers decay into trimers, then it is possible
that an alternate structure such as the one we have isolated could
be formed. Additional experimental evidence is needed to
discriminate among these possibilities, and this is the subject of
our current work.
The GTA physically appears to be a tailed phage of the family
Siphoviridae. A BLAST search using the GTA Orf5 protein
sequence against the non-redundant database demonstrates that
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HK97-family capsid proteins from the Roseobacter clade that
includes the marine bacteria Jannaschia, Oceanicola, and Ro-
seovarius. At the same time, while HK97-like viruses may bear a
general physical resemblance, most HK97 “family members” do
not bear high homology in terms of their primary amino acid
sequence (Helgstrand et al., 2003).
The lengths of GTA Orf5 protein and the functionally equi-
valent HK97 gp5 protein are quite similar. When we compared
primary sequence of the mature capsid protein of the GTA Orf5
against the same set of sequences chosen by Helgstrand et al.
(2003), only 9 positions were found to be conservatively
substituted, and only 2 positions were identical among all nine
viruses chosen from the HK97-like family. The situation
improved significantly if we aligned mature Orf5 protein
against the HK97 capsid protein alone. In this case, out of a total
of 282 residues in the mature HK97 capsid protein, 63 positions
are conservatively substituted with respect to Orf5, and 50 are
identical. The primary sequence similarity between GTA Orf5
and HK97 capsid protein (gp5) is not the only common property
found between these phages. In R. capsulatus, the product of
GTA Orf5 is a 42 kDa protein that gets modified by the removal
of about 11 kDa at the N-terminus to produce a mature capsid
protein in these cells (Lang and Beatty, 2000), much like the
maturation step seen in HK97 (Hendrix, 2005). Still, important
differences remain. GTA capsid proteins are not covalently
cross-linked, as evidenced by a prominent 31 kDa protein found
in SDS–PAGE of the isolated mature virus-like particle (Lang
and Beatty, 2000; Yen et al., 1979). In the HK97 system, Lys169
is one of the pair of residues that is covalently cross-linked to its
partner, Asn356 (Duda et al., 1995; Ross et al., 2005; Wikoff et
al., 2000). Neither residue is present at equivalent positions in
the GTA Orf5, nor is the GTA Orf5 equivalent of the
mechanistically important Glu363 position conserved (Wikoff
et al., 2000). Nonetheless, given the similarity in size of
precursor and mature product, the proteolytic cleavage of the N-
terminal domain and the ability to form prohead-like structures
in the presence of calcium, our observations and data suggest
the possibility of a similar protein folding and association
mechanism in the GTA particle, common to other members of
the larger HK97 family.
What is the role of calcium in the assembly of the prohead-
like particle? It should be noted that there are 52 charged
carboxylates present in each 42 kDa GTA Orf5 molecule
(number of Asp+number of Glu+one C-terminal carboxy-
late). If we assume that (1) some of the negatively charged
residues are unavailable because they are sequestered in salt–
bridge interactions within or between Orf5 proteins, and (2)
that one Ca2+ ion effectively neutralizes one carboxylate, the
ratio of calcium ions per 42 kDa subunit needed to initiate
prohead formation is nearly stoichiometric. This might indicate
that a major part of the GTA assembly pathway in vitro
involves metal-dependent charge neutralization to permit
capsomeres to approach each other and associate in a
productive fashion. How this compares to the situation within
the bacterial cell is uncertain, as that would be expected to be a
chaperone-mediated process (Xie and Hendrix, 1995), and themetal-dependent folding seen in vitro is not even necessarily
reflected in incorporation of metal ions into the capsid shells
of the assembled particles (Helgstrand et al., 2003). Resolution
of this matter awaits a direct structural analysis of the GTA
system.
The design and construction of new molecular tools to
implement specific, efficient drug delivery are required to
realize the promise of genetic therapy. Similar tools would also
open unprecedented possibilities for genetic manipulation in
ecosystems. In this study, we have demonstrated that we can
express high levels of the major capsid protein (Orf5) of the
GTA, a phage-like particle capable of exchanging genetic
information between cells of R. capsulatus. Under the control
of the T7-based pET expression system, tens of milligrams of
the Orf5 can be expressed per liter of E. coli culture, and then
assembled into prohead-like particles in the presence of calcium
ions. The analysis performed using transmission electron
microscopy of uranyl acetate stained material and using
scanning transmission electron microscopy demonstrates that
these nanoparticles are spherical and hollow, having diameters
in the range of 27–35 nm and mass of ∼4.3 MDa, representing
101±11 copies of the monomeric subunit.
This is a first step towards an understanding of the GTA
assembly within R. capsulatus. Since GTA cannot propagate in
mammals and is non-infectious in humans, it is in some respects
more attractive for specific targeted drug delivery than human
viruses. Lastly, as the GTA can be co-expressed with
photosynthetic proteins in the same bacterial cell, it is very
suitable for the construction of biologically based distributed
autonomous sensors for environmental monitoring.
Materials and methods
Construction of Orf5
The Orf5, which codes for the major GTA coat protein, was
amplified from genomic DNA of strain Y262 using the primer
pair 5′AAACATATGAAGACCGAGACCAAGG 3′ and 5′
TATAAGCTTTCACGAGGCGGCAAACTTCAAC3ʺ, using
the following conditions for amplification: initial 98 °C dena-
turation, 10 s; 59 °C annealing, 30 s; 72 °C extension, 50 s; 30
cycles. A final extension was carried out at 72 °C for 8 min.
Amplifications were carried out using Phusion DNA polymer-
ase according to the manufacturer's recommendations. After
amplification, the DNA fragments were purified from the
amplification cocktail using a Qiagen PCR Purification Kit and
then digested with NdeI and HindIII, fractionated on low
melting temperature agarose and ligated into pET17b to
produce pFCOrf5 Nat.
The nucleotide sequence of all constructs was confirmed
using Big Dye3.1 terminator sequencing on anABI 310machine.
Purification of the GTA Orf5
E. coli strain BL21(DE3) bearing pFCOrf5-Nat were grown
in 1 l volume of LB medium on a shaker at 150 rpm at 37 °C to
the optical density at 600 nm=0.5, induced with 0.5 mM IPTG,
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were harvested and washed by centrifugation in phosphate-
buffered saline (PBS) and frozen in this condition at −70 °C.
Upon thawing, the cells were sonicated on a Heat Systems
Sonifier equipped with a macrotip for 2–3 cycles on wet ice for
30 s per cycle.
To prepare Orf5, the cell sonicate was centrifuged at
85,000×g for 1 h. Supernatant fluid (clear) was recovered and
placed on ice. Pellets were discarded. The supernatant contain-
ing the Orf5 was then loaded onto a 44 cm×3 cm Sephadex
G200 column at 4 °C equilibrated in PBS. Fractions containing
the bulk of the 42 kDa protein Orf5 protein eluted at or near the
void volume of the column. They were collected, pooled and
analyzed by SDS–PAGE.
The pooled Sephadex fractions were dialyzed overnight
against 10 mM Tris–HCl (pH 8.0) and applied to a preparative
MonoQ ion exchange resin in 10 mM Tris–HCl (pH 8.0) and
eluted in a 0.0–1.0 M NaCl gradient in the same buffer. The
Orf5 protein was eluted at approximately 250 mM NaCl. After
elution it was dialyzed against 10 mM Tris–HCl (pH 8.0)
overnight.
Estimation of protein concentration of purified 42 kDa
protein was made using absorption at 280 nm (1.0 O.D. at
280 nm ∼1 mg/ml).
Quantitative gel scanning
Coomassie Blue-stained SDS polyacrylamide gels of
purified Orf5 protein were scanned in a Molecular Dynamics
Scanner using ImageQuant 5.0 software. Pixel densities of the
individual 42 and 35 kDa bands were obtained from the linear
portion of data set, and the pixel density of each band was
compared to the total pixel density of the two proteins
combined, to obtain the relative amount of each present in the
purified protein fraction.
Size exclusion chromatography of the bacterially expressed
42 kDa Orf5 gene product
The Orf5 gene product was subjected to size exclusion
chromatography on a calibrated Pharmacia Superdex 200 co-
lumn, in 50 mM sodium phosphate buffer (pH 7.4) containing
150 mM NaCl, by injecting approximately 100 μg protein in
100 μl into the column at a flow rate of 0.4 ml/min at 4 °C.
Calibration standards included thyroglobulin (660 kDa), apo-
ferretin (440 kDa), β-amylase (200 kDa), alcohol dehydrogen-
ase (150 kDa), bovine serum albumin (67 kDa) and carbonic
anhydrase (29 kDa).
Assembly of particles and agarose gel electrophoresis
GTA particles were assembled from purified 42 kDa Orf5
protein (1.2 mg/ml) in 10 mM Tris–HCl (pH 8.0) at 22 °C for 1
h in the presence or absence of 10 mM CaCl2, with or without
4% PEG 8000. After incubation samples were mixed with 1/10
volume of 60% glycerol with 0.001% bromophenol blue.
Electrophoretic separation of the unassembled or assembledOrf5 protein was performed in a 1 mm thick vertical 1% agarose
gel made up in 40 mM Tris–HCl (pH 8.0) with 1 mM CaCl2 at
40 V for 2–3 h at 4 °C.
Transmission electron microscopy (TEM) of negatively stained
material
For routine analysis, portions of the incubation were diluted
10- to 50-fold with 20 mM Tris–HCl (pH 8.0) and were
deposited onto carbon-Formvar-coated copper electron micro-
scope grids, washed with 20 mM Tris–HCl (pH 8.0), stained
with 1% uranyl acetate, air dried and photographed in a Philips
400 T electron microscope operated at 80 keV.
Scanning transmission electron microscopy (STEM)
Grids for the STEM were prepared by the wet film
technique as described previously (Wall et al., 1998; Wall and
Simon, 2001). Briefly, 2.3 mm titanium grids, coated with a
thick holey film, are placed on a floating thin (2–3 nm)
carbon film prepared by ultra-high vacuum evaporation onto
freshly cleaved rock salt. The grids are picked up one at a
time such that a thin layer of liquid is retained. They are
washed extensively (by washing and wicking). TMV (tobacco
mosaic virus, both a qualitative and a quantitative control) is
allowed to adsorb to the carbon film for 1 min. After further
washings and wickings, the sample is allowed to adsorb for
1 min. After additional washes, ending with a volatile buffer,
the grid is blotted to a very thin layer of liquid and plunged
into liquid nitrogen slush. Six grids are transferred to an ion-
pumped freeze drier, freeze-dried overnight, and transferred
under vacuum to the STEM.
The STEM is operated in a dark field mode. The scattered
electrons are collected in two annular detectors from each pixel
and the number of scattered electrons (in each pixel) is directly
proportional to the mass thickness in that pixel. By summing the
scattered electrons over a particle and subtracting the back-
ground from the thin carbon film, the mass of the particle can be
determined.
GTA particles were imaged by the STEM at the Brookhaven
National Laboratory as described in more detail at http://www.
biology.bnl.gov/stem/stem.html. Image files and the PCMass29a
software to analyze themasseswere downloaded from the STEM
ftp site.
Ultrathin sectioning of GTA proheads
GTA particles were assembled in the presence of 10 mM
CaCl2 as above and were pelleted from solution by
centrifugation at 100,000×g for 2 h at 4 °C. Supernatant
fluid was carefully removed and a freshly prepared solution of
50 mM MOPS buffer (pH 8.0) containing 2.5% glutaraldehyde
was added at room temperature to cover the clear pellets.
These were incubated at 4 °C for at least 24 h. The pellet was
delivered to the UVA Advanced Microscopy Facility for
further processing at room temperature. The fixed pellet was
washed in 0.1 M phosphate buffer (pH 7.4), post-fixed for
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graded series of ethanol and infiltrated with epoxy resin which
was subsequently polymerized at 60 °C for 48 h. Ultrathin
sections (60–65 nm) were cut on a Leica Ultracut UCT
ultramicrotome, contrast-stained with uranyl acetate and lead
citrate according to routine procedures and examined in a
JEOL 1230 transmission electron microscope. Digital images
were acquired using a SIA-L3C digital camera system
(Scientific Instruments and Applications, Inc.).
Analytical ultracentrifugation
Sedimentation velocity experiments were performed in
40 mM Tris–HCl (pH 8.0) and 150 mM NaCl, with 0.25, 0.50
and 1.0 O.D. (at 280 nm) protein at 3.6 °C, 42 K in Beckman
style centerpieces, with data collected at the absorbance peak of
278 nm at an interval of 0.002 cm with one flash of the lamp per
point. Sednterp was used to calculate the appropriate protein and
hydrodynamic parameters used to interpret and analyze the data
(MW of monomer = 42,170.74, vbar = 0.7366, Ext at
278 nm = 1 .005 , bu f f e r den s i t y = 1 . 00734 g /m l ,
viscosity=1.5870 cp (Laue et al., 1992)). Data were analyzed
with DCDT+2 to produce g(s) distributions and demonstrated a
concentration-dependent shift in boundary position (Philo,
2006). The g(s) data revealed evidence of a raised fast region
in the boundary consistent with <2% aggregation in the lowest
concentrations. The data were also normalized, divided by Abs,
to verify the concentration-dependent shift in position. These
data were further analyzed with SEDANAL by direct boundary
fitting methods (Stafford and Sherwood, 2004). The data can be
described by a non-interacting two species model (s1=3.47 s,
s2=4.85 s) where the fraction of the fast species increases with
concentration from 60 to 80%, or a reversible reaction between
an intermediate and pentamer with a midpoint of ∼6 mM total
protein.
To help understand these results and to verify the size of the
hypothesized species, sedimentation equilibrium experiment
was performed in six channel centerpieces. Three loading
concentrations were run (3.6 °C) at two speeds, 8 K and 16 K,
and data were collected at both 247 nm and 278 nm during the
run to verify attainment of equilibrium, ∼47 h and ∼40 h,
respectively. The 12 data sets were analyzed globally with
SEDANAL to a two species model to determine what species
were present in the solutions. The best fit to the equilibrium data
reveals a mixture of trimer (137,678 <110,819, 143,131>) and
pentamer (196,538 <180,772, 214,158>) where the error bars
are 95% confidence intervals and correspond to two standard
deviations. Monomer–trimer–pentamer models also fit the data
(not shown) but with extremely large K values consistent with
very tight complexes and no free monomer.
Edman degradation sequencing
Edman degradation sequence analysis was performed on
∼35 kDa Orf5 protein transferred to an Immobilon Psq
membrane at the Tufts Core facility at the Tufts Medical School,
Boston, Massachusetts.Sequence alignments and structure analysis
Comparisons to crystal structuresweremade usingDeepView
version 3.7 (Schwede et al., 2003). Sequence alignments were
performed using ClustalW (http://www.ebi.ac.uk/clustalw/)
(Thompson et al., 1994).
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